Cardiac T 1 mapping allows non-invasive imaging of interstitial diffuse fibrosis. Myocardial T 1 is commonly calculated by voxel-wise fitting of the images acquired using balanced steady-state free precession (SSFP) after an inversion pulse. However, SSFP imaging is sensitive to B 1 and B 0 imperfection, which may result in additional artifacts. A gradient echo (GRE) imaging sequence has been used for myocardial T 1 mapping; however, its use has been limited to higher magnetic field to compensate for the lower signal-to-noise ratio (SNR) of GRE versus SSFP imaging. A slice-interleaved T 1 mapping (STONE) sequence with SSFP readout (STONE-SSFP) has been recently proposed for native myocardial T 1 mapping, which allows longer recovery of magnetization (>8 R-R) after each inversion pulse. In this study, we hypothesize that a longer recovery allows higher SNR and enables native myocardial T 1 mapping using STONE with GRE imaging readout (STONE-GRE) at 1.5T. Numerical simulations and phantom and in vivo imaging were performed to compare the performance of STONE-GRE and STONE-SSFP for native myocardial T 1 mapping at 1.5T. In numerical simulations, STONE-SSFP shows sensitivity to both T 2 and off resonance. Despite the insensitivity of GRE imaging to T 2 , STONE-GRE remains sensitive to T 2 due to the dependence of the inversion pulse performance on T 2 . In the phantom study, STONE-GRE had inferior accuracy and precision and similar repeatability as compared with STONE-SSFP. In in vivo studies, STONE-GRE and STONE-SSFP had similar myocardial native T 1 times, precisions, repeatabilities and subjective T 1 map qualities. Despite the lower SNR of the GRE imaging readout compared with SSFP, STONE-GRE provides similar native myocardial T 1 measurements, precision, repeatability, and subjective image quality when compared with STONE-SSFP at 1.5T.
| INTRODUCTION
MRI-based quantitative myocardial T 1 mapping is an emerging technique that provides non-invasive in vivo assessment of tissue characteristics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Elevated and reduced native T 1 times have been observed in the presence of various cardiomyopathies. [11] [12] [13] [14] Native and post-contrast T 1 mapping permit the calculation of the extracellular volume fraction (ECV), 11, 15 which shows potential for the detection of diffuse interstitial fibrosis 16 and has prognostic value independent of left ventricular ejection fraction. 17, 18 In quantitative myocardial T 1 mapping sequences, multiple images with different T 1 weightings are acquired using electrocardiogram (ECG)-triggered acquisitions. 2 The signal intensity of the T 1 -weighted images is then fit to a physical model of the longitudinal signal recovery on a per-pixel basis. 1, 2, 19, 20 Several T 1 mapping sequences using longitudinal magnetization recovery curve. [2] [3] [4] [5] [6] Sequences based on inversion recovery (IR) schemes 2, 3 tend to provide superior precision and repeatability over other sequences, at the cost of accuracy. 19, 21 Most IR-based sequences generate cumulative disturbance of the longitudinal recovery curves due to successive imaging readout.
Although the "Look-Locker correction" 22 can be used to reduce this effect, this correction remains imperfect and leads to bias in T 1 estimates. The slice-interleaved T 1 (STONE) sequence has been recently proposed to provide T 1 mapping with full left ventricle (LV) coverage using a slice-interleaved data acquisition scheme. 7 The STONE sequence uses a novel free-breathing slice-interleaved acquisition scheme, which enables sampling of the undisturbed IR curve. As a result, STONE has been shown to provide similar precision and improved accuracy to the conventional breath-hold modified Look-Locker IR (MOLLI) sequence. 7 Because of the low signal-to-noise ratio (SNR) of the gradient echo (GRE) imaging sequence for T 1 mapping, current T 1 mapping sequences at 1.5T are commonly acquired using a balanced steadystate free precession (SSFP) imaging readout. [2] [3] [4] [5] [6] The STONE sequence increases the recovery time for each slice, improving the SNR of T 1 -weighted images, thus making it more favorable for GRE imaging.
Therefore, incorporating the STONE sequence may improve the SNR of GRE T 1 mapping sequences, potentially increasing the precision and repeatability of T 1 mapping sequences that use GRE data acquisition.
Therefore, in this study, we sought to accomplish the following: (i) implement the STONE sequence using GRE imaging readout at 1.5T;
(ii) investigate robustness to T 2 and off resonance using numerical simulations; and (iii) assess the non-inferiority of STONE-GRE compared with STONE-SSFP at 1.5T in terms of accuracy, precision, repeatability and subjective image quality.
| EXPERIMENT
All imaging was performed on a 1.5T scanner (Philips Achieva, Philips, Best, The Netherlands) with a 32-channel cardiac receiver coil array.
This study was Health Insurance Portability and Accountability Act compliant and approved by our institutional review board. Written informed consent was obtained from each subject prior to imaging.
| T 1 map acquisition sequence
The STONE sequence provides multi-slice T 1 mapping coverage with a free-breathing IR scheme. 7 To sample the fully recovered longitudinal magnetization (∞ image), each slice is first acquired without any magnetization preparation pulse. The IR signal is then sampled for all slices using a non-selective inversion pulse followed by single-shot ECG-triggered acquisitions of five slices over the subsequent five heartbeats. A 3 s rest cycle is then added to enable full recovery of the longitudinal magnetization. This acquisition scheme (five slice acquisitions-3 s rest cycle, referred to as "5-(3)" scheme) is repeated five times using different slice orders to obtain signal samples at T I ,
T I + 1 RR, T I + 2 RR, T I + 3 RR, and T I + 4 RR (where RR denotes the interval time between two R waves and T I is the inversion time) for each slice. This block of five "5-(3)" schemes is finally repeated a second time using a different T I value. Prospective slice tracking is performed using a pencil beam navigator positioned on the dome of the right hemi-diaphragm (tracking factor = 0.6). 23, 24 To obtain T I -independent navigator signal, the signal of the navigator is re-inverted after each inversion pulse using a spatially selective inversion pulse. Though slice tracking is used, no navigator gating is performed. Therefore, the scan time is not increased (100% navigator efficiency).
| T 1 map reconstruction
T 1 maps were estimated offline using MATLAB (MathWorks, Natick, MA, USA) by voxel-wise curve-fitting of the signal with a two-parameter model of the IR signal (S 2P ) defined as follows:
− t= T 1 [1] where A and T 1 are estimated using a Levenberg-Marquardt optimizer. 25 Image registration is applied to reduce in-plane motion between T 1 -weighted images. For STONE-SSFP, image registration is performed using the adaptive registration of varying contrastweighted images for improved tissue characterization (ARCTIC)
algorithm. 26 Due to the low tissue contrast of long T I images in STONE-GRE, the shortest T I image was used as a reference to estimate the motion between different T 1 -weighted images using an affine registration approach by minimizing an edge orientation coincidence function. The accuracies of the STONE-SSFP and STONE-GRE sequences were first compared via simulations using MATLAB. The Bloch equations were used to simulate the signal of the STONE-GRE and STONE-SSFP sequences. The image intensity was approximated by the value of the center-line of k-space. Accuracy was quantified as the absolute difference between the simulated and calculated T 1 times.
| T 2 sensitivity
To investigate the sensitivity of the T 1 mapping sequence to myocardial T 2 , numerical simulations were performed by estimating T 1 measurements produced by STONE-GRE and STONE-SSFP with given 2. Impact of inversion pulse. Although an adiabatic inversion pulse is robust to field inhomogeneities, it is sensitive to T 2 . Therefore, the inversion factor of the adiabatic hyperbolic-secant inversion pulse that was reported previously 27 was used to estimate the inversion efficiency depending on varying T 2 values for both sequences. STONE-SSFP and STONE-GRE imaging parameters were similar to those described above.
2.3.1.3 | Off-resonance sensitivity T 1 measurement accuracy was assessed in the presence of off resonance. We did not account for the response of an adiabatic inversion pulse in the presence of off resonance, assuming an ideal inversion pulse. STONE-SSFP and STONE-GRE imaging parameters were similar to those described above. Each simulation was performed with varying T 1 between 400 and 1500 ms in steps of 50 ms and fixed T 2 of 50 ms. The off resonance was varied from −300 to 300 Hz in steps of 50 Hz.
| Phantom study
The accuracy, precision, and repeatability of the STONE-GRE and STONE-SSFP sequences were characterized in a phantom study by 
| In vivo study in healthy subjects
Nine healthy adult subjects (37 ± 22 years, four males) were recruited for in vivo evaluation of repeatability and precision of native T 1 mapping using the STONE-GRE and STONE-SSFP sequences. Each subject was imaged five times during the same MR examination with each of the two sequences to assess the repeatability of each sequence within a single imaging session.
The STONE-GRE and STONE-SSFP sequences were acquired during free-breathing using ECG-triggered single-shot acquisitions. Both nd acquisition window = 121 ms. Scan times for the two sequences were similar: total scan time 1 min 35 s for a heart rate of 60 bpm.
| Native myocardial T 1 precision and repeatability
The precision and repeatability of native T 1 mapping were evaluated using a myocardial-segment-based analysis 29 and a subject-based analysis. The right ventricular insertion point and endocardial/epicardial borders were manually drawn on five myocardial slices (short-axis planes of basal, mid-basal, mid-cavity, mid-apical, and apical) of T 1 maps to generate a 26-myocardial-segment model (see Supplementary Material S1). All maps were visually inspected and any segment affected by artifacts was discarded from further analysis. In such cases, the segment would be discarded for one specific repetition scan only (and retained in the remaining four repetition scans). The percentage of discarded segments is reported. The precision was defined as the average (over the five repetition scans) of the standard deviation of T 1 estimates over a given segment. Repeatability was defined as the standard deviation (over the five repetition scans) of the spatial average T 1 values in a given segment.
In the subject-based analysis, the precision was defined as the average (over the five slices) of the standard deviation of T 1 estimates over each subject. Repeatability was defined as the standard deviation (over the five repetition scans) of the spatial average T 1 values in each subject.
| Native blood T 1 repeatability
The blood flow in the ventricles may originate from different regions in the body and may have experienced a different sequence of inversion pulses. For example, blood returning from lower extremities into the heart may not have experienced the same inversion pulse as that returning from upper extremities. This may cause differences in magnetization recovery in the blood pool within ventricles. 19 This may adversely impact T 1 measurements of blood used for ECV calculation.
For healthy subjects. T 1 maps were generated using the two-parameter model fit as previously described. Quantitative analysis of myocardial native T 1 times was performed in patients using all five slices. All maps were visually inspected and any segment affected by severe artifacts was discarded. The average native T 1 time over myocardial segments was measured for each subject and each sequence. A subjective qualitative analysis was then conducted by two experienced readers, blinded to the imaging sequence, to assess the overall native T 1 map quality using a four-point scale (1, non-diagnostic/no confidence in interpreting T 1 estimates in more than half myocardial segments; 2, fair/confidence in interpreting T 1 estimates in at least half of myocardial segments; 3, good/no confidence in interpreting T 1 estimates in at most one myocardial segment; 4, excellent/confidence in interpreting T 1 estimates in all myocardial segments).
| Statistical analysis
A Wilcoxon signed-rank test was used to assess for statistically significant differences between the two sequences in terms of measurements, precision, and repeatability of native T 1 estimates in the phantom and in vivo studies. The Pearson correlation between native T 1 estimates using STONE-SSFP and STONE-GRE in the pilot patient study was reported. A Wilcoxon signed-rank test was used to test the null hypothesis that the difference of overall T 1 map quality scores between the two sequences was zero in patients. Inter-observer agreement was assessed using intra-class correlation coefficient (ICC)
analysis. A value of p < 0.05 was considered statistically significant.
All statistical analyses were performed using MATLAB.
3 | RESULTS Figure 1 shows the accuracy of the STONE-GRE and STONE-SSFP sequences obtained in simulations using different myocardial T 2 times and off-resonance ranges for different T 1 times. Numerical simulations show the sensitivity of STONE-SSFP to T 2 . Despite the insensitivity of GRE imaging to T 2 , STONE-GRE remains sensitive to T 2 due to the dependence of the adiabatic inversion pulse on T 2 . The estimated T 1 values are sensitive to off resonance in STONE-SSFP, whereas STONE-GRE is independent of off resonance. 
| DISCUSSION
In this study, we developed the STONE-GRE sequence using a freebreathing slice-interleaved T 1 mapping (STONE) sequence with magnetization-prepared spoiled GRE imaging. We characterized the accuracy, precision, and repeatability of native T 1 mapping using STONE-GRE and STONE-SSFP. STONE-GRE and STONE-SSFP had similar in vivo measurements, precisions, and repeatabilities for native T 1 mapping. Finally, both STONE-GRE and STONE-SSFP sequences were successfully used in patients, providing good T 1 map quality in the majority of cases.
STONE-GRE and STONE-SSFP T 1 values were calculated using a two-parameter model fit. 7 These T 1 maps can also be reconstructed using a three-parameter model fit. 7 The three-parameter model enables modeling of imperfect inversion flip angle and signal disturbances induced by imaging pulses, which results in excellent accuracy. 7 However, a three-parameter model fit is more sensitive to imaging/motion artifacts and noise, leading to increased T 1 map artifacts and reduced T 1 precision. 19 Therefore, a two-parameter model fit was used for the reconstruction of all STONE-SSFP and STONE-GRE data in this study.
An adiabatic hyperbolic-secant inversion pulse was used to achieve uniform inversion in the presence of field inhomogeneity. As reported previously, an adiabatic hyperbolic-secant pulse has significant T 2 dependence, 27 which can impact accuracy. Although GRE imaging readout is independent of T 2 , the inversion pulse that was employed in this study makes the STONE-GRE T 2 sensitive. The use of an adiabatic tan/tanh inversion pulse would reduce T 2 dependence, 27 but was not investigated in this study.
In our study, the flip angle of 10°was used for STONE-GRE. A lower flip angle may result in superior SNR; however, it will reduce the blood-myocardium contrast-to-noise ratio (CNR). A lower CNR FIGURE 6 Global myocardial T 1 measurements, precision, and repeatability of STONE-GRE and STONE-SSFP for each individual subject, measured over all five slices. There were no statistical differences between the STONE-GRE and STONE-SSFP sequences in terms of measurements (STONE-GRE, 1099 ± 24 ms; STONE-SSFP, 1095 ± 14 ms, p > 0.05), precision (STONE-GRE, 69 ± 11 ms; STONE-SSFP, 64 ± 9 ms, p > 0.05), or repeatability (STONE-GRE, 22 ± 7 ms; STONE-SSFP, 15 ± 6 ms, p > 0.05)
will impact the robustness of image registration for motion correction.
Further studies investigating the optimal flip angle are warranted.
We observed differences in precision in the blood pool between STONE-GRE and STONE-SSFP. There are differences in the inflow properties of these two sequences, 30 which may cause differences in signal behavior. Furthermore, because of the slice-interleaved acquisition of the STONE sequence, blood at different locations will be excited differently. Despite these differences, the precision of T 1 measurements in the blood pool is not as important as that in the myocardium, because a large ROI is often used to calculate blood T 1 , which is used in the calculation of ECV.
Various factors can impact T 1 measurement in both STONE-SSFP and STONE-GRE sequences. In the numerical simulations, there is an increasing underestimation in T 1 with longer T 1 /shorter T 2 . We believe this is mainly due to the longer recovery time required to be fully recovered in the longitudinal magnetization. Furthermore, the error in T 1 for STONE-GRE is dependent on the imaging flip angle and therefore the distribution of flip angles across the slice. Numerical simulation shows that higher imaging flip angle yields inferior accuracy (see Supplementary Material S2). In the phantom study, the accuracy shows similar trends in systemic error with the numerical simulations.
There are remaining discrepancies, which may be due to the magnetization transfer (MT) effect or SNR in the phantom study. In the in vivo study, the T 1 estimation of~1100 ms was lower than the T 1 reported using more accurate T 1 mapping sequences such as SASHA or SAP-PHIRE. 4 between the phantom and in vivo for the two sequences, there were still some discrepancies, which may be related to differences in imaging SNR, MT effect, and heart rates.
Prior to development of the SSFP sequence, GRE imaging had been used for T 1 quantification and mapping. 22, 31 The initial LookLocker sequence also used a GRE readout. 32 GRE has also been employed for post-contrast myocardial T 1 mapping using multiple ECG-triggered acquisitions with successive inversion 33 or saturation pulses. 34 The short T 1 of post-contrast myocardium facilitates use of GRE in post-contrast T 1 mapping. A recent study by Shao et al. 35 introduced use of the GRE sequence for native T 1 mapping using MOLLI at 3T. However, lower SNR at 1.5T has been a major limitation of using GRE imaging readout at 1.5T, despite its potential to reduce sensitivity to B 1 and B 0 artifacts as well as reduced T 2 dependence. Imaging at higher magnetic field strength, e.g. 3T, is attractive due to the potential gain in SNR. However, imaging at higher field strength is associated with increased off-resonance artifacts. Numerical simulations show that STONE-SSFP is sensitive to off-resonance effects, while STONE-GRE is not affected by off resonance. Further studies to evaluate the performance of STONE-GRE at 3T are warranted.
Our study has several limitations. The repeatability and precision of STONE-SSFP and STONE-GRE was not characterized in patients.
The standard deviation of the T 1 times over a segment was used as a surrogate for the precision. Other factors such as variations of tissue FIGURE 7 Measurement and repeatability of STONE-GRE and STONE-SSFP native blood T 1 in RV/LV. Repeatability was defined as the standard deviation (over the five repetition scans) of the average T 1 measurements of blood in each slice (five slices: 1, basal; 2, midbasal; 3, mid-cavity; 4, mid-apical; 5, apical We used a high imaging flip angle of 70°for the STONE-SSFP to increase the blood and myocardium contrast and improve the robustness of our registration algorithm. 26 Our repeatability measurement is limited to within a single MR examination; we did not re-scan the subjects over multiple sessions.
The patient study was performed as a feasibility study to demonstrate image quality.
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